Abstract. This paper proposes a high power fuel cell simulator built by means of an active power rectifier that works with unity power factor in the grid side. The Unity Power Factor Rectifier (UPFR) is controlled by a digital processor to produce in the dc terminals the electrical behaviour of commercial high power fuel cells (FC). The control used in the paper is based in the FC model developed in the paper. The UPFR control algorithms are explained in the paper and some simulated results are presented in the paper. The simulated results demonstrate the behaviour of the proposed system.
Introduction
Fuel Cells are energy sources that produce electrical energy from electrochemical energy. Some heat energy is also produced during the conversion. FC seems to be a clean and friendly with environment at the same time that shows a higher energy performance that other energy sources currently in use. Reduction in the use of fossil fuels and in CO2 production, braking of the climatic changes and a energy sustainable system are the main characteristics related with the use of FC. Hydrogen is seen as the fuel for the next future.
The cost of FC is nowadays high. The use of real FC in R&D laboratories demands some hardware around the FC unit: hydrogen tank, coolers, pressure regulators, installation of pipes for gases and liquids and so on. All these determining factors justify the development of FC simulators. These types of equipment show the same behaviour than real FC systems but are cheaper and its use requires fewer infrastructures. Some FC simulators are based in the use of a semi empirical equation. The evaluation of the semi empirical equation results in a voltage that is used as a reference voltage in the control circuit of a DC/DC switched converter [1] [2] . Other simulators model the semi empirical equation using resistances, inductances, capacitances and voltage sources, obtaining at the output a signal that reproduce the FC behaviour [3] [4] . In [5] , FC models obtained from the semi empirical equation are compared/analyzed. The influence over the FC model of each parameter is studied. Work developed in [6] uses a FC single cell to obtain the V/I working point for some specific operating conditions. The obtained V/I working point is then scaled by an algorithm to modelize the behaviour of a FC stack. This paper proposes a new FC simulation method based on a piecewise-linear equivalent model of the V/I curve in different regions. With this piecewise-linear equivalent model the behaviour of a stack is obtained.
The model obtained is used by the control of an active rectifier to produce in the dc output the FC stack behaviour. The dc energy needed in the output is obtained from the power network as three positivesequence fundamental currents, working with a power factor near to 1 an introducing the minimum non active powers in the electrical system. Fig. 1 shows the block diagram of the applications described in the paper. The use of a three-phase system reduce the voltage ripple in the dc capacitor and allows to use a smaller capacitance, improving the dynamic response of the systems respect other system that uses conventional rectifiers to produce the dc output voltage. [2] . Three regions are defined in the FC V/I curve: activation region, ohmic region and concentration region. Typical FC operating points are in the ohmic region, where the behaviour is more linear than in the other regions, with a slow negative slope. In the ohmic region the FC output voltage is expressed as follows: The control of the FC simulator is implemented using the TMS320F2812 digital signal processor (DSP). This DSP implement the control of the UPFR and the FC model. The FC model algorithm is done using the next expressions.
ini out
The FC simulator control uses the dc output current as (I out ) a feedback signal to establish the FC operating region and verifying the previous conditions. Once the operating FC region is established, the FC output voltage (V out ) is calculated and supplied in the dc output. Figure 4 shows the block diagram of the FC simulator.
FC simulator
The proposed system uses a three-phase active rectifier to simulate in the dc output the FC V/I characteristics. The use of three-phase active rectifiers, when are compared with single-phase active rectifiers, is preferred because output power can be higher and the dc capacitance is low due to the smaller dc voltage ripple of the three-phase converter. Active rectifier, compared with rectifiers based on the use of thyristors and diodes [1-2;6] , are preferred because the utility power factor can be maintained in values near to 1 and do not demand non-active powers to the power network. With the use of an active rectifier is avoided the use of one of the DC/DC converters used in [1] , improving the dynamic response of the system and the global performance. A Space Vector Pulse Width Modulation (SVPWM) technique is used to obtain the control signal of the IGBTs. Currents and voltages in the ac side of the simulator are measured and converted to dq coordinates. Current in the direct axis (Id) and in the quadrature axis (Iq) are used by the UPFR control. Several current control techniques are described in [7] [8] The dc output current is the input signal to the FC model block ( (2)- (4)) and its output is the FC output voltage that correspond to that current. The error signal obtained with the comparison of the reference FC voltage and the measured FC voltage is the input signal to a PI regulator. The output of PI block show in Fig. 4 is one of the current reference signals of the UPFR. To determine the necessary input active power the value of I d calculated from the input ac currents, is compared with the reference current for the direct axis obtained at the output of PI1. The error signal, through a PI regulator (PI2 block) produce one of the signals needed to control the UPFR. In order to consume only active power from the power network, I q reference is established equal to 0, ensuring that the FC simulator works with unity power factor in the power network side. The comparison with I q calculated from the input ac currents is the error signal that uses a PI regulator (PI3 block) to obtain the other signal needed to control the UPFR. The signals obtained in d-q coordinates are used to obtain the IGBT control signal, using a SVPWM modulator. The block diagram of Fig. 4 is implemented in Matlab/Simulink, being represented in Fig. 5 . The grid block produces three direct-sequence voltages with a frequency equal to 50 Hz and an rms voltage equal to 230 V Fig. 7 shows the block diagram of the subsystem "d-q control". Quadrature and zero-sequence current references are set to zero because no reactive power is demanded by the UPFR and the power section work with a three-phase three-wire electrical system, without neutral wire. The reference current in the direct axis and the phase currents are the inputs to this subsystem. The subsystem "FC" uses a Matlab S-fucntion block, in which (2)-(4) are programmed. As can be seen in Fig. 5 , the subsystem uses the dc load current to obtain the reference voltage that corresponds to the FC characteristic equations. The number of cells that constitute the FC stack is defined in this function, so the characteristics of the stack are defined on the basis of the single-cell model.
Simulated Results.
The simulation of the single-fuel cell is done using the block diagram showed in Fig. 8 . The FC model follows (2)-(4), using the correct values for a single-cell. The load varies between 0 A to 80 A in less than 2.5 s (Fig.  10) Table I defines the main parameters and component values used during the FC simulation using the UPFR. Fig. 11 shows the V/I characteristic obtained at the output of the FC simulator for the load variation showed in Fig. 9 . The maximum power is equal to 5.6 kW, with a maximum power point voltage (V MPP ) equal to 70 V and with a maximum power point current ( IMPP ) equal to 80 A. The proposed FC simulator shows a response time (<30 ms) that is much better than the typical response time of real FC (around 1 to 2 seconds). If a smaller response time is needed, the parameters that had to be modified are the followings:
• Reduce the sampling time of the S-function that includes the FC model.
• Reduce the sampling time of the UPFR current acquisition unit.
• Reduce the dc bus capacitance.
• Modify the parameters of the dc voltage control loop (PI). The FC simulator can be programmed with a higher response time. The increase of the response time is obtained by software, through the monitor system that controls the FC simulator. New sampling times and new PI parameters are calculated to reproduce the desired FC dynamics. During all the simulations the current THD is below 1.8 % in all cases.
Conclusions.
A new FC simulator is proposed in the paper. Small current THD in the power network and unity power factor are some of the advantages over other FC simulators. To obtain these two features a space vector PWM technique is used in the control of the UPFR joint with a high switching frequency. A FC piecewise linear equivalent model is developed in the paper. The FC simulator is modelled using Simulink. The most important blocks of the FC simulator are described. Simulated results for a single-cell and for a FC stack are compared via simulation. Dynamic response of the system is studied for a large load transition, showing a better behaviour that the obtained with commercial FC. The results demonstrate that with the proposed FC simulator the voltage/current and power/current characteristics of commercial FC can be obtained in the dc output terminals of the UPFR. The use of the proposed simulator allow the development of other power converters needed in electrical systems generators based on FC without the waste of money needed to use real FC (fuels, pipes, the FC, pressure controls and so on).
